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論 文 内 容 要 旨         
In the oceanic lithosphere, a large amount of mass transfer occurs as observed as reaction zoning 
around the crust–mantle boundary and within mesh texture in the serpentinized peridotite. The 
amounts and distribution of serpentinized peridotite in the oceanic lithosphere are critical to 
constraining the water budget in the Earth’s interior: however, the detailed relationship between 
mass transport and surface reactions during serpentinization have been unclear. In present study, 
hydrothermal experiments by using unique tube-in-tube type vessel and numerical simulations 
were conducted to understand the reactive-transport process during serpentinization.  
In Chapter 2, the effect of silica transport on the reaction progress and water budget 
during serpentinization was considered by hydrothermal experiments in the 
olivine–quartz–H2O system at 250 °C and under a vapor-saturated pressure. The mineralogy of 
the reaction products in the Ol-hosted region changed with increasing distance from the Ol–Qtz 
boundary, from smectite + serpentine to serpentine + brucite + magnetite. Mass balance 
calculations revealed that olivine hydration occurred without any supply of silica in the brucite 
zone. In contrast, the silica metasomatic zone was formed via competitive hydration and 
dehydration reactions. In the Smc zone, smectite formed via the simultaneous progress of olivine 
hydration and serpentine dehydration, and around the boundary of the Smc and Brc zones, 
serpentine formation occurred by olivine hydration and brucite dehydration. The relative extent 
of hydration and dehydration reactions controlled the along-tube variation in the rate of H2O 
production/consumption and the rate of solid volume increase. 
In Chapter 3, to understand the effect of Si-Al-Ca transport during serpentinization, 
hydrothermal experiments were conducted in the olivine–plagioclase–H2O system at 230 °C and 
under a vapor-saturated pressure. Metasomatism took place during the experiments so that the 
mineral assemblages changed systematically with distance from the olivine–plagioclase 
boundary, with Al-rich serpentine + Ca-saponite in the metasomatic zone changing to 
serpentine, serpentine + magnetite and serpentine + brucite + magnetite. This change of 
mineral assemblage is largely explained by decrease in activity of SiO2(aq). The chemistries of 
solutions in the Pl–H2O and Ol–Pl–H2O experiments indicate that the Al and Si that were 
leached from plagioclase were consumed by olivine hydration within the reaction tube. The high 
concentration of Ca in the Ol–Pl–H2O solution suggests that the Ca released from Pl was partly 
consumed in the formation of Ca-saponite in the olivine-hosted metasomatic zone. In the 
metasomatic zone, the Al-serpentine showed a clear zoning with an Al-rich domain I, an 
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Al-poor domain II, and an Al-rich domain III. Microtextural and chemical features indicate that 
this zoning was produced by the initial formation of domain II in an Al-free solution, and the 
subsequent pseudomorphic replacement of olivine (domain I) and the development of 
overgrowths (domain III) as the Al metasomatic front migrated. 
 In Chapter 4, rate of silica metasomatism and serpentinization were estimated by 
reaction-diffusion modeling which involves silica diffusion and seven serpentinization reactions. 
Due to the difficulty of the analysis of rate constants from complex reactive-transport process, 
we proposed an optimization and model selection method using exchange Monte Carlo and 
cross-validation method. By using this exchange Monte Carlo method, the eight unknown 
parameters (the diffusivity of SiO2(aq) and rate constants for seven reaction) were optimized, and 
the observed mineral distribution in the Ol-Qtz-H2O experiments was reproduced by numerical 
reactive transport model. These studies suggest that the spatial pattern of Si-metasomatic 
reaction was controlled by both cation diffusion and surface reactions, and that the rate-limiting 
processes during Si-metasomatic reaction would be changed in time and space from 
surface-controlled reaction to transport-controlled reaction. 
 In Chapter 5, the reactive-transport process during serpentinization were discussed. 
The similarities between Al zoning in natural mesh textures and the Al zoning in our 
experimental products suggest that Al-zoning in the mesh texture represent the transition from 
closed to open system during serpentinization. At the crust-mantle boundary, the dehydration 
could occur by metasomatic reaction with Qtz-buffered fluid, in contrast, it would not occur by 
metasomatic reaction with Pl-buffered fluid. This suggests that the fluid pressure was increased 
by metasomatism only when fluids were Qtz-buffered. The metasomatic zoning as a result of 
reactive-transport process has been modeled by diffusional mass transport processes coupled 
with multiple precipitation–dissolution reactions. However, our experimental and kinetic 
analysis showed that the dynamic changes in rate law from transport- to surface controlled 
reaction, and vice versa, would be responsible for the spatial-temporal evolution of the 
metasomatic zone at the crust-mantle boundary in the oceanic lithosphere. These dynamic 
serpentinization processes may provide primary controls on the hydrothermal alteration in the 
oceanic lithosphere. 
 
 
（別紙） 
 
論文審査結果の要旨及びその担当者 
 
論文提出者氏名  大柳良介 
論 文 題 目         Reactive-transport processes during serpentinization in the oceanic lithosphere 
（海洋リソスフェアにおける蛇紋岩化作用の反応ー輸送プロセス） 
論文審査担当者 
 主査  教 授     土屋範芳      
教 授     駒井 武           教 授   中村美千彦    
准教授     岡本 敦                            （理学研究科） 
 
 
論文審査結果の要旨 
 
 蛇紋岩化作用は，地殻－マントルでの水循環の大きな担い手としてきわめて重要な地球科学プロセスである．特
に，海洋底および沈み込み帯は，地球表層で最大の岩石―水相互作用の境界面であり，ここにおける蛇紋岩化作用
の理解は，地球規模の水循環ならびに地球環境形成を理解する本質的課題となっている．現在まで，マントル構成
岩石の蛇紋岩化作用は，相平衡岩石学に基づく局所平衡モデルで解析可能であるとされていたが，海洋底掘削や，
陸域での地殻－マントル境界のフィールド調査の結果は，局所平衡モデルでの蛇紋岩化作用の解析には限界があり，
新たな視点での理解と解析手法の開発が望まれていた．本研究は，水熱実験ならびにその結果の多元数値解析手法
の開発を通じて，地殻―マントル境界での蛇紋岩化作用のプロセスを解明したもので，全編６章よりなる． 
 第 1 章は緒論であり，蛇紋岩化作用の地球科学プロセスとしての重要性と現在の問題点をまとめ，本研究の目的
を述べている． 
第2章は，地殻―マントルの境界のアナログとして，石英とかんらん石の水熱実験（250℃，飽和蒸気圧）を行っ
た．この結果，地殻―マントル境界では，シリカの付加の程度により，脱水ならびに吸水反応から構成される複数
の蛇紋岩化反応が生じており，蛇紋岩化作用により形成される鉱物の空間分布，時間発展を実験的に明らかにして
いる．これは本研究の基礎をなす優れた成果である． 
第 3 章は，石英に代わりに斜長石を用いた水熱実験により，Si，Al ならびに Ca の付加による蛇紋岩化作用の進
行メカニズムを解明している．この結果，かんらん石―斜長石境界から，局所平衡モデルでは表現できない鉱物ゾ
ーニングを見いだすとともに，蛇紋岩化作用を特徴づけるかんらん石のメッシュ組織は，Al の供給に強く依存して
いることを明らかにしている．これは，実際の蛇紋岩化作用の進行メカニズムを解明する重要な成果である． 
第 4 章は，連立する蛇紋岩化作用の反応（逆反応を含めて全部で７つ）の反応速度定数を最適化する方法をレプ
リカ交換モンテカルロ法に基づいて開発し，実験データの解析を進め，充分な精度での反応―輸送モデルを提案す
ることに成功している．この方法では，汎化能力の向上を試み，誤った局所解を回避して，最適解に導く方法を開
発している．これは，新たな多元反応の数値解析法として広く応用展開が可能であり，きわめて優れた成果である． 
第 5 章は，蛇紋岩化作用は間隙水圧の上昇をひきおこすとともに，律速過程の動的な変化により，蛇紋岩作用の
各反応帯の形成が説明できることを明らかにしている．これにより，海洋リソスフェアにおける蛇紋岩化作用は局
所平衡モデルでなく，各プロセスのダイナミックな変化に基づく反応－輸送モデルで説明しうることを明らかにし
ている． 
第6章は，結論である． 
 
以上要するに．本論文は，海洋底，ならびに地殻－マントル境界で生じている蛇紋岩化作用の反応―輸送モデル
を水熱実験ならびに数値解法から明らかにし，蛇紋岩化作用が，局所平衡モデルでなく，空間的，時間的発展過程
として捉えること，さらにその具体的モデルを提案することに成功し，地球科学ならびに環境科学の発展に資する
ところが少なくない． 
よって，本論文は博士(学術)の学位論文として合格と認める． 
 
    
